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1. INTRODUCTION

Thunderstorm simulations were performed for a
strongairmassstormandthreetypesof supercelktorms.
Several different electrificationparameterizationsvere
usedfor eachtypeof storm. A uniqueaspecbf thesimu-
lationswasa new, discreteparameterizationf lightning
dischages. The main focus of our analysiswasto ex-
aminecharacteristicef theresultingchagedistributions
andlightning. Of particularinterestaretheseveralsuper
cell stormsimulationsthatproducedredominantlypos-
itive cloud-to-groundlashes. Resultsfrom the airmass
stormsimulationsarealsomentionedor comparison.

2. SMULATION MODEL

The numerical cloud model (Strakaand Anderson,
1993)usedfor the simulationsis threedimensionabnd
includesdetailedbulk microphysicswith separateate-
goriesfor cloud watet rain, cloudice (columns,plates,
andrimed),snav aggreatesfrozendrops,threegraupel
densities,andtwo size rangesof hail. The microphys-
ical packagedevelopedby Strakawasdesignedor use
on a wide rangeof circumstancesvith minimal tuning
of parametersThe microphysicalparametersverekept
constantcrossall of the simulations.

Eachsimulationusedoneof threenoninductive chag-
ing parameterizationdasedon laboratory studies of
chage separatiorby reboundingcollisions betweenice
crystalsand riming graupel. Noninductive chaging is
assumedo occurindependentlyof the ambientelectric
field. The first schemeis basedon the Ziegler et al.
(1991) adaptationof the Gardineret al. (1985) param-
eterizationwhich wasbasedn the laboratoryresultsof
Jayaratnetal. (1983).TheGardinerschemaisesafixed
chagereversaltemperaturewhichwassetat—15°C for
thesesimulations.Graupelgainsnegative chage attem-
peraturedower thanthe reversaltemperatureind gains
positive chagefor collisionsoccurringathighertemper
ature.Additionally, thechagingis negative atlow liquid
watercontent(< 0.1 gm~3) regardlesof temperature.

The secondnoninductize chaging schemds a modi-
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fied versionof theriming ratechaging parameterization
of Brookset al. (1997) and Saundersand Peck(1998).
In the riming rate schemethe sign of chage gainedby
graupeldepend®nboththeambientemperaturandthe
rime accretiorrateof the graupel. Thethird schemes a
directimplementatiorof the laboratoryresultsof Taka-
hashi(1978). In the Takahashschemethe chage sign
is afunction of temperatur@ndliquid watercontent.
Electrification was also allowed by inductive chag-
ing (dependenbn the electricfield) betweengraupelor
hail andreboundingclouddroplets(Ziegler etal. 1991).
The effectivenesof the mechanismis variedby chang-
ing the averageimpact angle and separatiorprobabili-
ties, which are kept within the rangesof experimental
values. The modelalso parameterizethe formation of
electricalscreenindayersat cloudboundaries.
Lightning dischages were producedby a stochas-
tic dielectric breakdavn model (Wiesmannand Zeller
1986,Mansell2000)that extendsflashesbidirectionally
in a step-by-stepmannerand createsrealistic, fractal-
like branchstructure(Figs. 1 and2). Dischage chan-
nelsarepropagatedtep-by-sten a uniform grid with
500m grid spacing(diagonaldirectionsare allowed).
The electricfield contribution from the channelchage
is computedafter eachstepby solving Poissons equa-
tion (V24 = —p/¢) for the electric potential¢. (The
netchage densityis p, ande is the permittivity of air.)
Simulatedlashessometimeslepositecenoughchageto
reversethelocal netchage density andthis addedcom-
plexity to the chage structuref the storms(Fig. 3b,d).
Initiation of flashesoccurredwheneer the electric
field exceededthe so-called'breakeren’ or ‘runaway’
threshold(Gurevich et al. 1992; Marshall et al. 1995).
The breakeen thresholddecrease&xponentially with
increasingaltitude and is lower in magnitudethan the
corventionalthresholdfor air breakdevn. In the model,
the thresholdis at a maximumof 125kV/m at low alti-
tudeandaminimumof 30kV/m atthetop of thedomain.

3. STORM ENVIRONMENTS

Three supercell storm environments were utilized
which produced a range of supercell storm types,
roughly encompassinghe range of low precipitation



(LP)to classiqlor moderateprecipitation)}to high precip-
itation (HP) supercells.A numberof experimentswere
also performedwith a low-shearervironment(airmass
storm).All threesupercelervironmentswerecharacter
ized by 0-5km sheamagnitudesf about30m/s. The
HP supercelernvironmenthadno shearabose 5km. The
LP stormhadvery strong5—10km shearandthe classic
supercelhadmoderatelystrong5—-10km shear

The airmassand HP supercellstormsusedthe same
temperatur@nd moistureprofileswhich arethe analyti-
cal functionsusedby WeismanandKlemp (1984).Both
stormenvironmentsusedhalf-circlehodographsvith the
wind shearconfinedto the lowest5km, asin Weisman
andKlemp (1984). The only differencein the environ-
mentsof the two stormswasthe arclengthof the hodo-
graph: The airmassstorm had a hodographarc length
(Us) of 10m/s, whereasthe HP supercellstorm had
U, = 50m/s. Thesestormshad Corvective Available
PotentialEnegy of about2200J/kg.

The LP supercell hodographwas constructedby
Strakaand hasslight cunvature (veering)in the lowest
5km. In the5-10km layerthesheaiis nearlylinearwith
a magnitudeof about35m/s. The temperatureprofile
wasthe sameasfor the HP storm, but the moisturewas
reducedaborve 3km altitude.

The classicsupercelhodograpthadstrongcurvature
(veering)up to 3km andstrongshearthrough14km. It
is a compositeof two soundingdrom June2, 1995, in
the TexaspanhandlgGilmore,2000). The CAPEfor the
classicstormwasabout3000J/kg.

All the simulationsused horizontally homogeneous
initial conditions.Eachstormwasinitiatedwith awarm,
moistspheroidof radii 1.5x 10x 10km (12km for the
classic supercell). Vertical grid spacingwas fixed at
500m and horizontalspacingwas 1.0—1.5%m, depend-
ing onthe stormtype. Thetime stepwas5.0s, andruns
werecarriedoutto 105min afterinitiation.

4. COMPARISON OF CHARGING SCHEMES

The airmassstormsall produced—CG flasheswhen
the inductive chaging was setto be strong,with peak
ratesof 4-5min~!. When inductive chaging was set
to be weaker however, only the simulationwith Taka-
hashinoninductize chaging producedary —CG light-
ning. (The simulationwith Gardinernoninductive com-
binedwith weakerinductive chaging produceda single
+CG.) Theinductive chaging playedanimportantrole
in theformationof alower positive chageregion, which
wasnecessarfor theinitiation of —CG lightningflashes.

The Gardinerschemeesultedin the highestchaging
ratesfor eachof the ervironments,especiallybetween
graupelandsnav aggrgates.Thesimulationswith Gar
diner chaging alsohadthe highestIC flashrates. The
formulation of the schemeallowed significantnegative
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Figure 1: Intracloudflash from a supercellsimulation. The
positive leadersareshavnin gray, thenegative leadersn black.
Distancesarein km, andAz = Ay = Az = 500m. The
initiation pointindicatedby thearrav in eachview.

chaging of graupehtrelatively low liquid watercontent,
andthe strongpower-law dependencen crystalsizefa-
voredlargerchage transferto snav versusice crystals.

The three noninductve chaging schemeshad dis-
tinctly differentresultsin the CG lightning of the three
supercellervironments. The Gardinerschemeresulted
in significant+CG lightning (upto 6min=1) in all three
of the supercelltypes. The Takahashischeme,on the
otherhand,producednly —CG lightningin the HP and
classicsupercellsandhardly ary CG activity in the LP
supercell.The LP stormwith Takahashivasalsoby far
thelowestproducerof IC lightning amongthe supercell
simulations. The riming rate schemeproduceda few
flashesof both polaritiesin the HP storm,a numberof
+CG flashesin the classicstorm, and fair amountsof
bothpolaritiesin theLP storm.

A distinguishingcharacteristioof the Takahashipa-
rameterizatiomot seenin the otherswas the positive
chaging of graupelat low liquid watercontentdown to
temperaturewerthan—25°C. Thishadits greatesef-
fectatthelowercloudboundaryof theforwardflankand
resultedn alayerof positive chage extendingout from
the positive chage region at the updraftbase. This pos-
itive layer promoted—CG flashedartherawvay from the
surfaceprecipitationregions thanwith the othernonin-
ductive parameterizations.

5. SSIMULATED CG LIGHTNING

The majority (> 90%) of lightning dischagesin the
simulationswere intracloudflashes. Currently a flash
is classifiedasa CG whena leaderreacheswithin 2km
of the ground. (This assumptionwill be testedin the
future.) The polarity of the leaderdetermineghe polar
ity of the CG. Oncea flashbecomesa CG, the upward-
propagatindeadersareallowedto continueasfor anIC
flash,but thedownwardleadersarehalted.

All lightning in the simulationsinitiated betweenre-
gionsof oppositechage (Fig. 3b,d), wherethe electric
field is strongestashasbeeninferredpreviously for IC
flashesand negative cloud-to-groundiashes. However,
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Figure?2: Asin Fig. 1 but for a positive cloud-to-groundlash
from a supercelsimulation.

positive cloud-to-groundlashesalsowere initiated be-
tween oppositechagesin our simulations,a relation-
ship not suggestegbreviously. Positive cloud-to-ground
lightningin the simulationsoccurredonly whenthelow-
estsignificantchage region neartheinitiation pointwas
negative (i.e.roughlyapositivedipolestructureaboutthe
initiation point).

Positive cloud-to-groundlightning (e.g. Fig. 2) oc-
curredpredominantlyin the supercellstormsimulations
thatusedthe Gardinemoninductvechaging parameter
ization. Theairmassstormsimulationwith the Gardiner
parameterizatiorand stronginductive chaging, on the
other hand, producedalmost exclusively negative CG
flashes. As mentionedabove, the only ernvironmental
differencebetweerthe airmassandHP supercelilstorms
wasthe magnitudeof the sheatin the 0-5km layer.

A comparisorof theairmassandHP supercellstorms
with the Gardinerschemaéllustratesthe differenceghat
led to —CG lightning in the airmassstormandto +CG
flashesin the HP supercell. In the airmasscase,negy-
atively chaged graupeltendedto fall throughthe up-
draft into high cloud water mixing ratios, whereit ac-
quired positive chage via inductive chaging. The air-
massstormthusdevelopeda stronglowerpositvechage
region which promoted—CG lightning (Fig. 3a-b). In
the HP supercellstorm (Fig. 3c-d), however, the higher
wind shearresultedin more graupelfalling outsidethe
updraft, so that a more extendedvolume of negative
graupeldeveloped. The horizontally extensive negative
chage resultedin IC and+CG lightning with the pos-
itive chage region above (Fig. 3d). Intracloudflashes
wereregularly initiated betweerthe chage layersin the
forward flanks of both storms,but only in the supercell
stormdid someof thoseflashesonnecto groundto be-
come+CG flashes.

The modelresult that +CG flashesinitiate only be-
tweenoppositelychaged regions (positive abore nega-
tive) appeargo be consistentwith the obsenationsre-
portedby Careg/ and Rutledge(1998). Carey and Rut-
ledgefound that a coronapoint sensorindicatednega-
tive chageoverheador regionsof astormthattendedo

producepositive CG flashes(i.e. the lowest significant
chage region was negative). Other obsenations (e.qg.
Brooketal. 1982, Fuquayl982)alsohave suggestethat
storms producing+CG flasheshave a positive dipole
structure(positive chage over negative). However, the
commonly mentionedhypothesedo explain the occur
renceof +CG flashesall seemto assumehatthe lowest
chageregion abore the +CG strikepoint shouldbepos-
itive. The oft-mentionedilted dipole (or shearedlipole)
hypothesissuggestdhat positive CG flashesmight oc-
cur if an upper positive chage layer is shifted avay
from the lower negative chage and becomes'exposed
to ground: Likewise, the “inverted dipole” and “en-
hancedower positive chage” hypothesedoth assume
thata lower positive chage causestCG lightning. The
presentesultssuggesthatnegative chageis needede-
low positive chageto initiate +-CG flashes.However, a
flashtriggeredfrom groundon a mountainpeakor tall
structurewould presumablyaccesshelowestsignificant
chage (eitherpositive or negative), but this capabilityis
notincludedin themodel.

6. CONCLUSIONS

The resultsof this researchare quite encouraging.
Thesophisticatedloudmicrophysicgpackageombined
with detailedelectrificationand lightning parameteriza-
tionsrepresenauniquetool for numericalsimulationsof
thunderstornelectrificationandlightning. A wide vari-
ety of realisticlightningbehaiorsweresuccessfullyro-
duced,ncludingintracloudflashedn the convective and
anvil regions and cloud-to-groundlashesof both posi-
tive andnegative polarities. Theintracloudflashesoften
exhibited a bilevel structure,consistentwith mary ob-
senations. High-altitudeintracloudflashegnvolving an
uppernegative electricalscreenindayer occurredin all
of the stormsimulations.The highestdensitiesof light-
ning actwity in the simulatedstormsalwaysoccurredin
the corvective regions.

The negative CG flashesproducedby the model are
consistentwith the hypothesisthat a lower positive
chage region is neededelon the main negative region
to promote—CG flashes. This hypothesishasbeenin
theliteraturefor mary years thoughperhapaotwidely
accepted. The sensitvity testsindicatedthat inductive
chaging betweergraupelandclouddropletsmaybeim-
portantto the developmentof the lower positive chage.
Oneof thenew resultsof our stormsimulationsis thata
similar hypothesishouldapplyto positive CG flashesa
negyativechageregionis neededelon a positive chage
region to promotepositiveCG flashes.
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